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The author wae born at Anding, kiesissioni, on wareh 17, 1618, 
the son of danie See and Joseph harnes xobertson. se received his 
eerly education in the public escheols of Rew Urlvans, Louisiana, 
and wesson, Kississipyi. 

After completing one year et Copish-Lineecin Junior College, 
feeson, Lississippi, ne attended Louisiana State University, “wnere 
he gejored in Chemical imgineering. ‘te wae greaueted in say, 1ya, 
with the degree of pachelor of seience, 

Upon graduation, he was employed in the engineering division 
eof Few Crleans Fublie Service, Ine., and later, in the Floed 

trol Laboratory, U.S. “mzineers, Tew Urleans, Jouiesians. 

Me received a commiezsion in the United States Yaval Paserve 
in Cetober, 1941, and served successively in the Ordnance Section, 
Ravy Yard, ew Yerk, and aboard the 0.8.0. Pallard. 

n Veverber, 1945, he enrolled in the graduate seheol of 
Cornell University to commence a course in tzplosives, majoring 


iu Chnemieral bngineorinr. 


oe 





«if. 


ACK HL eloashkPo 


The author wishes to express his appreciation to 
Yrofeerscr ¥, fi. Bhedes and to the other membere of the faculty 
of the Pepartment of Chemical Engineoring and the Department 
of Chemietry cf Cornel] University who have contributed to his 
education and training. 
The author is greatly indebted to hie wife, Leszel 5. Pobert- 


son, for her help in preducing this theeis. 





CUNTERTS 


Vita = = © &@© © S&S © © = © © S&S © m= « 
Intreduction = = = = # = s@ w@ = © me = «= 
The Tature of *he Reaction - © = |= = © =|— = -& 
The influence of water in the Nitration acid - -« - =| «= 


fre influence of Sulfuric acid in tna Nitration 4cid - - « 


The cifect of the kixed Aoid Composition Uoon tne Attain- 
ment of Kaximam fitration <- - - - - - - = 


The bffect of Varying the aan ef gulfurie Acid to 
Witrie Acid- - - = =~ - = ££ > = « 


The Effect of Verying the rropertion of Sulfuric Acic, 
Mainteining a Constant Aatio of Bhitrie Acid to water - 


fhe Effect of Sulfuric Acid Upen the Nitric Acid Vaper 
Fressure, and Ite celation te the Ritrating Capacity of 
the Wixed Acid -~ - -« ~ > « 1 Sl — «= 


The Correlation of the éxtent of hitration and the sent 
Aeid Compositien - | © 8©| © #© # s# w@ «@ 


The Influence of tne Ratio of Nixed Acid to Cellulese- - - 


The Influence of Temperature, Time, end Agitation- - - - 


The bffeet of Teeperature and feaction Time Usen the 
Degree of Substitatien - - < & =. = « @ 


The Bate of Ritration of Hemie - - +« 2+ += <= -« 
The Rate of Hitratien of Cotton Linters and Sood fule  ~ 


The Sffect of Agitation - = -+ | | = © = « 


The Maximum Degree of Nitration of Cellulcrs Attained- - - 


Factora Limiting the Degree of Pitration with Hixed Asid- 


keximum Degree of Jitretion Attainece by Various inves- 
tirators -= an -~ - -~ = - a) i om ae - 


Summary  -<- - “ - - ~ - « os - « - - 


Page 
=~ je 


1 


12 


13 


14 


15 


e 


SF -RBe2eeee Ca 


> = « = ay <= - — = a | (6S em ue wl 
"se 2 £2 we &@ @ @ w@ <& J geltueted 
—=-= = & ~— — =— Glpee? 24!) ~% enue of 
- = = & = Bee exbewnlil xm ci cere te eee 
- = =e pwiioest’ 647 £5 toe cleat me cee: 
SAT GS eh Entice Show beats 40M Peary ae 


- - - - - tah Orem & usised \e A 
a) Mie plu Fy ora = “ee tA veo et 
a” «= @& <= ee 6 _ - + ~-—-9s" gir” 


Mas 82a §: wslTtewn!) a pwr be reer «@ 
- “whe oe bbe Piet il We eft e! Durem 4 ssedebabee 


isd Sars OF weed Bind diesel te Peete cel 
‘s ) MACRO E AR of Rekiebel. OFT toe emeaell 
~ F 


- * - - ‘ + jas -o—- 





Sey St yrdie w tate of? Te ee Velerins «o' 
_——_— | _ ~ « al? eee, ee. 


~ © weeetOt lee qe Ghat Heh? te aleet of Le eit 2 
7, => = —lh~el ies 6s perl) sweet? « come ret ao 


<p eat elton te omer fh om Peep ie a 
~ e o - . ~ Seat eto ** -eree 


_ + s+: - — = «» Ghee  eabbetse? to ou of 
~ Sie’ bow bee weetnie Self be wifi ll 16 ede om 
~- - © = + + s+ -_nbteegyt t+ te 4 
- = niekde wobdalind We Geliwlil Wo cones expws 
Rhee Cenk) Geet waLewer tT Te meures oe rtsietl evan 


OS BAIT oT EMED entre h \e cot pe~ auminss 
= ~- fwrtagly 


= > =. oe - = e - - . 7 - - om? 





LaPRODUCT Ib 


Cellulose was probably firet nitrated, in 1636, by 


Thecphile-dJules Felouze,°* 


who prepared nitrocellulose by 

Gipping paper inte concentrated nitric acid. tarlier, in 1633, 
a, Eraconnet** had prepared a nitrie ester of starch by cisseclving 
eterch in concentrated nitric aeid and tnen diluting it with 
water to precipitate the eater, whieh he esiled "xyloidine“. The 
predurte chat Feleuse cbtained fram paper, cotton and linen rere 
considered to be identical with the xyleidine from atarch. In 
1846 Pelcuse”* made clear distinetion between xyloldine and the 
eGliulose ester, which he called “pyroxyline". In 1646, 
Christian Friedrich Schonbien® at baeal, Germany, used a mixture 
of mitric acid end sulfuric acid te nitrate cotten. Later that 
same year Rudolf bottger, © professer at Prankfort-on-tne-Yain, 
independently prepared guneotten. sehonbien's precess, in whieh 
he used oe retio of one volume of strong nitric acid (density 1.46 
to 1.5) to three volumes of strong sulfuric acid (density 1.86), 
became the basis fer tne commercial manufacture of gunectton for 
exolosives. 

It is possible to prepare cellulose nitrate of various derrees 
of substituticn dapending ugon the conditions ef nitration. The 
eowmpletely substituted product ia cellulose trinitrate, which has 
a nitrogen content of 14.14 per cent. The theoreties] egueticn 
for the reaction is: 

Cglq0p(Oi)e + BUC, = CelyOe(ONO2)z + SHO 


Teohnieally, the reaction is an erterifieation rather then a 
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nitration, but the letter term is more commonly usec. 

Although nitrocellulose wae initially used only as a military 
explosive, products of lower nitration have since beeome oxtremely 
important in the plastics and lacquer industries. The as lica- 
tions of the various clasess of nitroeeiluloses and their corres- 
ponding nitregen cortents are: °° 


bitrogen Content, 





Per Cent Field of Application 

10.7 = lie Cellulecid plastics, lecquers 
ll.2@ = 11.7 Film, leequers 

11,8 - 12,3 Film, leecquere, reyen, coated 


fabrics, cements 
12.6 = 13,5 omexelees cowder 
It is the purpoee of this paper to consider the various 
factors which control the degree of nitretion of cseliulose when 


mixed acid is used as the nitreting agent. 
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Tat RATUAG OF PHS KRACL IVR 


The onemiesl] substitution whieh takes place when cellulose is 
nitrated with mixed acid is effected with little elteration in the 
physical appseranece or fiber structure cf the cellulose. Tne 
fibers avpear merely to becomes somewhat herder and wore brittle; 
with eotton, the cenvoluted fibers beceme wtwisted. 

Although the precise manner in whieh the substitution takes 
place in celluiose fibers ie net known, two general concepts have 
been prepoered to explain the reaction, According to the first of 
these coneepts, the eellulese micellss are penetrated by the nitra- 
tior reagent end the reaction ;reeseds rrogressgively from the ex~ 
terior to tne intericr of the micelles in a heterogeneous fashion, 
in other words, the molecules encountered first are altrated 
completely to tne trinitrate, while other and more inaccessible 
molecules remain unchanged, The supporters of this theory contend 
thet cellulose nitrate ecenteaining less nitrogen than tne trinitrate 
ig a mixture of celliuicse trinitrate and unchanged cellulose, The 
gecenc, and more penerally secepted concept propcsec tant tne 
nitrstion reagent penetretes unifermly inte ell parts of tne cellu- 
leee fiber and that the entire fiber is nitrated hemoreneously at 
approximately the exare tire, 

X-Ray examinations of cellulose of various degrees of sub- 
stitution have provided some clue as te the etructure of cellulose 
nitrate and tne nature of the nitration reeetion, although the 
interpretations of tne A-ray patterns end the cenclusions arrived 


at vy various investipgateors are not in agreement. 
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R, 0, Serzeg, 8. von Narey-Szebo, and G, von cusien’**** 


concluded, 
after exemining the structure of different specimen of nitro- 
cellulose, thet ell nitresellulcses below the trinitrate are 
mixtures of cellulose trinitrate ard uncharged celluleese. Among 
ethers who have investizated the K-ray patterns of nitroceliuloses 


cf verious ccemroritions ere FP, D. Niles and J. Craik?! 


RL A, Siesen’®, We Wathieu”, and &, J. Lorena?’ . 

r, Ob. Wiles and d, Craik*} observed thet the Keray pattern 
of o@llulese does not chenge until a nitregen content ef 7.8 per 
eent hes been reached. At this coint the crystalline pattern dia- 
eppears, and ec arerphous pettern persists until a nitrogen content 
of 10.3 per cent is reached. A crystalline pattern appreaching 
trat of cellulose trinitrate is not observed until toe nitrogen 
content reaches 12,5 per cent, ark?” and kiles, Craik and Bel- 


21,82 


bourn attribute the sprearance of the amorphous diagrex to a 


nen-uniform distribution of ester groups, whieh prevents the de- 
velopment of a crystalline lattice structure. Riles and Craix*t 
state thet in the firet stege of nitrstion, up to about 7.5 per 
cent nitreren content, only the diffraetions of almest completely 
mereerized celluloses are observed, and sugrest that substitution 
hes taken place only on the “inner surface" of the fibers, while 
the interior of the wieelles remain wnaffected, They expressed the 
velief thet, as nitration prescede keyond the initiel stere, the 
micellar arrencemert breaks dorm and the nitrate froups become so 


distributed awrong the chain molecules toat there is little likeli- 


heed thet any ene molecule becomes completely nitrated to the 
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trinitrate while othere remain unchanged. 

Heas and Trorust®, who have been the chief supporters of the 
neteroveneseus micellar theory, claim that the emerphous dierram 
is the result of the conversion of cellulose inte its hydrate form 
whieh tekes place under the swelling influence cf the etrong acid. 
They contend *hat tro amorphous dilegram represents a mixture of 
unsudstituted cellulose with the trinitrates of both celluless and 
cellulose hydrates, 

Aecording to the explanation adwaneed by a. A, Sisson", the 
reagent penetrates the fiber, attacking firet the surface of the 
mieeile, which is changed into the tri-derivative; then proceecce 
inwerd to produce, between the unreacted intericr and the completely 
reacted surface, a partially reacted area in ¥vhich only twe 
hydroxyl groups have been replieced by nitrate groups. This 
partially reacted arés is responsible for the amorphous A-ray 
Giagrey produced, 

BE. od, Lorang?? states thet there is evidence to suppert the 
view that all cellulose nitrations do not follow a singlo pattern, 
ard that the type of renetion depends upon the nature ef the 
nitration reagents used end their concentrations, the temperature, 
and other conditions. it is protable, according to Leran¢e, that 
the permutoid or quasi-hormegensous, the micellar heterogeneous, 
and other types of proposed reactions may apply, Ceperding uper toe 
cirounstances. 

The failure to find any appreciable amount of unchanged 


eellulowe or any evidence of the presence of completely substituted 
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eelluloee trinitrate! in nitressllulose samples has resulted in 
ecensidereable opposition te the micellar heterogeneous theory, 
humerous samplee cf nitrocellulose have been fractionated; none of 
the frecticns have varied more than 0.3 per oent in nitrogen sone 
tent. 

Acditional evidence, based upon measurements of mconomoleeular 
films of nitrocellulose spread on a two-normal sodium hydroxide 


1 has been introduced by FP. Db. Biles to diseredit the 


soluticn 
micellar heterogensous theory. Niles contends thet in order for 
the nitreeellulose strueture te exist, as supposec by sess and 
Trogus, either the micelle must eclvats er dieperse as such, in 
Which case he claims that i% 1s im porsible to account for the 
spreading of the single molecule; cr, the esllulose trinitrate 
must separate from the unchanged cellulose, If the latter were 
true, Siles pointa cut, only the esliulose trinitrate would epread 
anc the resulting film area would be lees then that actually found. 
Beny investigatcrs@1,22,25 have produced eviderce that 
eellulose nitration ie e reversible reaction mand involves the 
usual principles of esterification. That is, wnen molecular 
quertitics of nitric acia and cellulese react, on ester is formed 
and wator is split out, ‘Since the reverse reaction tekes place atv 
the sawe time, an eyuilibrium is set up between the cellulose, 
ecid, weter and ester, The reaction eppreaches completion when ar 
exeess of the nitrie acic is taken and sulfuric acid is used to 
combine zith the water formed. The existence cf eguilitria has been 


observed over a wide range of substitution, snd it has been shown © 
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that the final nitreren content of the product is determined by 


tne finel composition of the nitrating bath. 
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Tes YNFLUssCe OF wariek af fie hivnativh aCaip 


The provertion of weter cresent in the mixed seid used for 
nitration is direetly related to the deyree of subetitution cf the 
resulting preduct. The effeet of the variation of the water 
Gortent of the nitrating mixture upon the nitrogen ecntent of the 
nitrocellulose prevared was first investigated systemetieally by 
bunge and Bedier® , Sy maintaining the ratie ef sulfurie acid to 
nitrie acic eonstent, they nitrated medical cotton with acid 
mixturee of increasing water content. Eyual weignte ef nitric 
reid (94,09 per cent) and sulfuric seid (92.10 per cent) were used. 
The temperature during the reestion was kept et 16° to 16°C,, and 
the duration of the reaction wae teenty-four hours in each enee. 
Their reeultes are: 


Effect of tater Centent of hixed Acid oF the 
Vegree of Fitration ef Ceilulese 


Composition of Mixed Acid Ritrogen in 


HeoSU,, EWOs, HeC, Ritroecellulcse, Yield, 
Fo. ter Cont Fer Cent. eee SE Cent jer Cent 
& 42.61 40.021 11.56 13.2) 176.2 
o 41.05 44.45 14.52 12.76 = 
4 40.66 43.85 16.49 12.56 167.0 
5 40.14 435.25 16.6] 12.31] 1&9,.0 
€ 59.45 42.73 17.82 12.05 153.0 
7 38 G6 42.16 1€.90 11.55 156.6 
6 56 643 41.31 £0 26 10.93 144.2 
9 37.20 40.86 22.00 8.76 146.0 
LO 36.72 $9.78 23.50 9.3) 138.9 
li 56 87 56.83 25,350 6.40 131.2 
12 54.4) $7.17 £E 42 6.80 ~ 


By plotting the amount of water added against the percentage 


of nitrogen in the produet, the effect ef inereneing the water 
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content is readily seen (Fig. 1). Aa the mixed acid becomes mere 
dilute, the degree cf substituticn cecreases slowly vp to a water 
content cf about 16 per cent and more rapidly thereafter, 

Phe reeults of thie work by Lunge and BDebie have been corrob- 
erated, in generel, by several more recent inveetigators, ineluding 
WW. Won Boltenstern®®, Pe Demougin®® , and Yhiemann and Kanne? ® , 

The latter two investigators cbserved thet, if the eater content in 
the mixed acid is reduced below a certain minimum value, the 
nitrogen content in the resulting preduct is lewered. They found 
that a nitration mixture containing 22,€ per cent nitric acid, 

76.6 per cent sulfuric scic, end only 0.62 per cent water yielded a 
lower percentage of nitrogen in the product than when the water 
eontont wes increesed to 5.7 per cent, at which point they ovserved 
@® maximum degree cf substitution. They also obtained more constent 
pereertages of nitrogen for water contents from about 3.5 per cent 
te 18.6 per cent than did Lunge and Bebie, Above 13.6 per cent 
water, howover, their resuits followed those of Lunge and Vebie 
@losely. 


1S there is 


As shown by the experiments of Sehiemann and Fuhne 
e lower limit for the water centent in the acid mixture for aptinmum 
nitretion. If the mixed acid contains insufficient water, the 
e@llulose is net completely nitrsted, Phe reeulting nitrocellulose 
is incornieteiv soluble in acetone, fine umnitrated fibere remain- 
ing undissolved. Sehiemenn and Kuhne!®© explain this phenomenon by 
aeauming that the extensive swelling of the fiber surfaces caused 


oy the concentrated mixed acids prevents the penetration of the acid 
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inte the deeper layere of the fiber, According to mil jluesert®&, a 
more plausible explanation is that a certein minimum water content 
ig necesgary te cause thet degree of swelling which is required tc 
enable the mixed acid to penetrate inte the interior of the 
miceoliar system. 

Above 13.6 ner cert water, the rate of fail in nitregen 
eontent increases eteecdily up to about 20 per cent water, At this 
point the rate of fall beoomes silmest conetant, but continues to 
chemge more siowly. The rate of change in tnis region, computed 
from the data of Lunge and Zeble, is about 6.8 per cent drop in 
nitrogen content of the sitrecellulose for each increment cf ere 
per cent of water in the mixed acid. The nitrogen content at 25 
per cert water is only about 8.3 per cent, Ag the mixed acid 
reaches this degree of dilution, it exerts a considerable hydrolys- 
ing effect upon the cellulose. Tne detrimenteal effeet of this 
hydrolyzing ection is manifest in the increasing brittleness and 
harshness cf the nitrocellulose produced. Moreover, at these high 
water contents the cellulose dissolves in the acid to a consider~ 


able extent. 
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THE INFLUENCE OF SULFURIC ACID IN Tub KITRATION ACID 

The Effeet of the Mixed Acid Composition Upon the Attainment of 
Maximum Nitration 

The influence of sulfurie acid upen the extent cf nitration of 
eellulose was investigated by F, Vielle-” as early as 1683. He 
observed that the degree of substitution is inoreased by the addi- 
tion of sulfuric acid te dilute nitric acid. Lunge and soworker «?® 
umertook a series of investigations to determine the effeet of 
sulfuric ecid upor the degree and rate of substitution. im their 
first greup of experiments, they attempted to get a preduct with 
the theoretical 14.14 per cent nitrogen content, using various 
mixed acid and water compositions, Their products, as shown below, 
rangeé from 13,51 per eent to 13.92 per cent nitrogen content, 


Effeet of Bixed Acid Cemposition on the 
Attainment of Maximum Nitration of Cellulose+® 





Composition of Mixed Acid Ritrogen in 
BoS0,, BOs, HO Nitrocellulose, 
1 60.00 27 43 12,87 15.62 
Z 62.10 25.79 12.11 13.76 
5 62.95 24.95 12.10 13 .83 
4 63.72 26.51 10.97 13.76 
§ 64.66 24.65 10.79 13.71 
6 68.02 26.28 5.70 13.76 
? 64.668 26.6 6.68 13.72 
§ 63.35 25.51 11.34 13.92 
9 75,58 2.60 1.&7 13.53 
10 74.16 22.12 5.72 13.61 
li 72.97 21.63 5.40 13.67 
12 62.90 20.45 9 .€6 13.64 
13 68.31 £0.49 12.20 15.61 
14 67 .43 19 637 13.20 13.26 
15 67 .32 $2.53 0.18 13.62 
16 66.41 31.34 3.26 13.67 
17 63.75 50.80 5.45 15.68 
18 70.68 29.381 10.01 13.68 
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The iffect cof Varying the Froportion of Sulfurie Acid to hitrie Acid 
Lunce end Aeintraub!® studied the effeet of varying the sropor- 
tion of sulfuric seid te nitric aeid uper tne degree and rate of 
nitration, They nitrated two and one-half graeme of cotton with 
thirty grams of nitric acid (density 1.52) end verying quantities of 
— oy at a temperature of about 19° to 20°C. Their date are: 


Influence of Varying the Ppp of Sulfurie 
Acid te Nitrie Aeia+® 





After one-helf hour After twenty-four heurs 
Nitrogen in Nitrogen in 
Ritroeellulose, Yield, Kitrocellulose, Yield, 


Per Cont Per Cent rer Cent Per Cent 


Parts es 





12.58 162.75 12.6¢ 163.32 
‘ = 12.66 168.02 
12.48 176,69 13,44 175.77 
- ~ 13.42 175.22 
13.3¢ 174.86 13.36 174.78 
13,23 174.14 13.32 175.928 
12.72 156.14 15.40 176.44 
- - 13.20 47&.12 
6.14 186.88 12.106 166 .6C 
After three days After filtteen dava 
6.0 12.63 162.46 12.74 169 ..&0 
7.0 16.86 161.60 « ” 
After eirht days After thirty days 
8.0 10.&& 144,62 11.76 152.0 
9.0 7.74 120.11 (three devs) 
10.0 5.43 65.0 


Ag tne ratio of sulfuric acid to nitric acid is increasec, the 
rate of nitration drope rapidly. tith less than one part of sul- 
furie acid to ene part of nitrie acid, the final stare of nitration 
ie reached in one-half hour, “ith the acids in the ratio of three 


to one, at the end of the first half hour the nitroren content is 
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12.72 per cent, tne final content being 13.40 per cent. When a ratio 
of sight parts sulfurie acid to one part nitric acid ise used, the 
final stage of nitration ig not reached after eight days, and only 
after thirty days is it equsal to 11.70 per sent nitrogen. 

The maximum nitration is obtained with ratios of sulfurie acid 
to nitrie acid between one-fourth to one end three to one. Sith 
ratios above eirht te ene, the precuct always cernteins sowe un- 
changed cellulose. The exeess sulfuric acid also affects the fiber 
etructure, instead of retaining ite criginal structure on drying, 
it fella inte e finely fibrous powder, 

The effeet of Varying the fropertion of Sulfuric Aeid, wainteining 
a Coretant natio of hitrie Acid tc tater 

Lunge ond Bediol® nitrated cellulose, maintaining the prepor- 
tien of nitric ecid to that of water constant and warying the 
quantity of eulfuric acid. Twenty-five parte by weight ef nitric 
eeid and fourtesn parts water to one part of eotton wore used. The 
data ere: 

bffeot of hitrating Cellulese with a Constant lroportion 

of Yitric seid to Wetter anc Vereg>te quantitiea of 
Sulfuric seid 


Composition of Mixed Acid Fitregen in 









HeS0,, HNOs, Ee0, Kitrocellulose, Yield, 
1 58.47 40.19 e184 10.32 142 
2 40,83 SE .72 20 45 10,76 161 
3 42.92 7.40 18.68 11.02 163 
“3 46,03 54.18 17.79 12.28 185 
é 45,57 33.38 17.2 12.77 166 
6 60.71 &2.50 16.79 13.02 1€5 
7 52.81 31.27 £e%e 13.11 187 
€ 64,92 30.06 15.02 15.48 L173 
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Lunges end Bebie concluded thet the presence cf sulfuric acid 
favors, or, by way of activation, furthers the introduction of 
nitrate groups into the cellulose molecule when nitrating cellulose 
with a sulfuric acic, nitric acid and water mixture. 

Cross, Pevin, and Jenks”, and Rebertsen”© suggfest chat the 
sulfuric acid participates in the precess of asterification, and 
that sulfurie acic esters form firet and the sulfuric acid radicals 
of the cellulose are re,laced by nitrate groups, During the first 
few moments ef nitration with mixeé ecidse, the sulfuriec-acid 
content cf the preduet is rather high, but it drops rapidly as 
nitration proceeds, It nas been found by analysis! that some sul- 
furic acid is still present in the ester form in the final product. 
This combined sulfuric acid ie extremely objeotionable, sinoe it 
tende te cause subsequent decempoeition of the nitrocellulose, 

Phe Effect of Sulfurie Acid Upon the Kitrie Acid Vapor Fressure, 
and its Felation to the Vitrating Capeacity of the kixed Acid 

The influenee of sulfuric acid upan the pitrating cenacity of 
mixed ecid was further invostigated by Saposchnikew“’ who observed 
a relationship between the nitric acid vapor pressure of vsrious 
mixed acid concertrations enc the nitrozen ecntent of tne nitro~ 
eellulose produced by them, Ne noted the change in vepor  >ressure 
end concentraticn of sitrie acid as sulfuric acid was scded. Unron 
e¢ding tne eulfvuric acia, the vapor pressure of the nitrie acid 
rese until a certain concentration was resaened, Then it diminished 


es more sulfuric acid was supplied. Saposehnikow observed that the 


mixed acid concentration which exerted « maximum nitric reid vapor 
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pressure was approximately the same concentration which produced 
nitrocellulose with the highest nitrogen content, 

According to Seposchnikow, as the sulfuric acid is added 
initially, it deprives the nitric seid, which is present in the 
form of its hydrate, of ite weter content and ferms hydretes of 
varying conposition. Ag the weter is taken up by the sulfuric 
acid, the concentration of free nitric acid inercagses and, con-~ 
sequently, its vaper pressure rises, The maximum vapor pressure 
is exerted when just enough sulfurie acid has been added to cause 
ell of the nitric acid te exist ns S0,. Further edditien of sul- 
furic acid results in the gradual dehycraticen of the nitrie acid to 
the enhycride, 2.O,, whieh has a very small vapor pressure. As the 
dehyéretion cof the nitric acid te the anhydride proceeds, the 
effectiveness of the acid wixture as eo nitrating agent diminishes, 

Vpon the addition of water, the above transitions proe#ed in 
the reverse order; the excess water reduces the effect cf the seule 
furie neid so trat the nitrie acid anhvdrice is reecenverted into 
BWC,, which, in turn, is reconverted into its hydrate. 

Lerl ane Saenger” have confirmed capeschnikow's results, dut 
they suggest that nitric anhydrice forms an addition compound with 
nitrie acid, No0,(iN04)g. They believe that this ecdition compound, 
Father than the anhydride iteelf, is responsible fer the lowering 
of the nitric acid vepor v-ressure and, henee, in the concentration 
of the free nitric acia wnen the smount cf sulfuric acid is 
inereased beycnd a point corresponding to the maxi@um nitrio acieé 


wevor pressure, The existence of suifurie acid in the form of ite 
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monohydrate, HooO0,g*lsO, when the nitric acic vapor pressure reaches 
its maximum value, has been confirmed by measuremants of the heat 


of reaction evolved from nitric acid, sulfurie acid and water 





syvsterns, 
| The relationship between the vapor pressure exerted by the 
mixed ecid and the nitrogen centent of the nitroecelivnlcse vrodueced 
4s shorn in the accompanying graph (Fig. 2). Kecording to 
| Sapeschnikew, meximum nitration cecure when all of tne rnitrie acid 
| exiets ag HNO, and the minimum degree ef substitution results when 
ali of the nitric acid exists ag the hydrate, HhOg ig, corres- 
ponding to the maximum end minimum nitric acid vapor pressures, 
respectively. (mn the besis of his experizents, Saposehnikorw con- 


Oluded that the most suitetle mixture for yielding the maximum 
decree of nitration sheuld have the folioring ceppositionr: 


24.29% HNO, 
65,807 igs, 
2.91% Hed 
| 
This does not differ appreciably from the mixed acid corpesi- 
tion used by Lunge and Bebie (page 12) in obtaining their maxi- 


mum degree oF nitratien cf 15.92 per cent nitrogen, 


The Correlation of the wxtent of Bitrabion and the cpent Acid 


compe sition 


brnet Berl, i. % andre¢s, and 2, Becslee”” heve correlated 
the nitrogen content of nitrocellulose with the compoaitions of 
spent nitreating acids (Fig. 3}. They contend thet nitration is en 
equilivriure reaction and tnat tre final nitrogen cortent dapends 


Wpon the composition of the spent seid in centaet with the nitre- 
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The Relationship between Nitrogen Content 
of Mtrovellulose and Vapor Pressure 
wilh INCreasing Amounts of 


Sulturic Acido 
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The Effect of Spent Acid Composition 
on the Nitrogen Content of 
Nitrocellulose 
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cellulose, rather thas upon the initiel mixed acid cemposition. 
nrnst Ser] and coworkers“° eleo confirmed unc extended taposehni-g 
Kow's work. On the triangular diayram correlating the nitregen 
content o: nitrocellulose and spent acid composition, the broken 
line "MY" joins the points corresponding to compositions which 
exert maximum nitric acid vapor preseures, berl and eoworkers 
peint out that on agnproaching this line tne nitrogen content in- 
creases with a decrease in water content, and thet tie maximum 
nitration is attained vith a epent acid whoses vompasiticn lies on 
this line. This comecsition corresponds te: 

66.0% HySdg (40 mol }) 

21.6% HNO; (20 mol *) 

12.2% 4,0 (40 mol %) 

This is equivalent to e ratio of 1 HNO, to 2 (Hg504° Hed), 
representing the case in which all of the water is cembined with 
the eulfuric acid and all of the nitric ecid is available for 
nitration. 

Brnst Berl and coworkers!® have critically analyzed tne 
nitretion dete of a freat number of previcus investifators and 


found excellent confirmaticn cf Saposchnikow's and their cen werk. 
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THS IRFYLUMECER CF Tin HATIO UF eTAED ACID TO ChisULOok 


A certain minimum quantity cf mixed acid is reavired to 
penetrate and nitrate a given quantity of cellulose uniformly. 

The physieal structure of the ceilulose has some effect upon the 
ease with which it is penetrated by the acid, nenoe, it affects 
somewhat the choice of tne ratio of acic to cellulose. For ex- 
ample, paper is penetrated more easily than leogse cotton, which 
tends to lump together end thus to impede uniform diffusien of the 
acia?é, 

Although ectton is the ourest ferm in which eelluless occurs 
in nature and hes been the chief seuree cf cellulose fer tns manu. 
facture of nitrecellulose, ether cellulosic materials have been 
usea*, A mixture of equal parts of woed pulp and cotton linters®? 
or weed pulp alome, when properly prepared and puritied=8 are 
suiteble fer nitration. 

For each molecule of nitrie acid entering the cellulose chsin, 
one molecule of wuter of reaction ie predueed. Unless this water 
ia removed, it dilutes the nitric acid and dacresses its power of 
nitretion. If tne ratic ef tne acid Mixture to cellulose ie large, 
the influence of the water of reaction is diminished, 

&ven when the ratio of mixed acid to cellulose is as hich as 
twenty-five to one, the effects of non-uniform penetration and the 
influence of the water of reaction sre still arparent. At a ratio 
ef forty to one, these effects diminieh appreciably, anc tney 
practically disappear at retice from fifty to one to eighty to one. 


A ratio of forty parts mixec acid to one pert cellulose represente 


eae NM eee le me a et arta 


a Bewliers ©) Mee Gree be ire ete clamor 6 
oTin lies Orem itty tf vei rum a") @ elewel ae  owlemeg 
at ans pew T he ame See see bee mee he Gumus ee 
etme fte #) ,wome , tree af! wl befewtonvs of (i) auser srt) enne 
soe THT sceniel ies as Hine Bo Gime GRH Se Ose ae ee 
SPAte ,yOEP Pepa EAE! YE Leey orm ede ery Be Tommy so 
hte emtnert hs wrReTLne Rompe at maine wor whet! pal < phe 
«Sate 


TWP enetolinn Geter 4) Ett treme Beh WF bette Queue tl 






ar Ott 8) O0ds8 i im We ort Vereen feet dee er reeten wf 
weet some oLasztwent aima te tie I ce yulomuintoe \s evaredt 
yma As teen tee mle Heme te cme Latin te opremeie | a 
wae Magri oe tetany ee ee ey me ae 
a 

gthewe weatgi i ait geliietie bhee ahedis 6) wheeebee cee 3 
voter e846? ewetel oeree 2) ilveaed bt tothe © 4 eee ame 
Yo wees ai! seaeeem Ye bine rein ocr elie es Jeers 7 
oem of ccoveline s+) eemeue Ge Ke © “en —" 4 peels 
aA 1) hh Ww vere +e » eumeried act 

SE A ee ee a 
we Bd aii foto, eed bape |e ert ee eet ee mt ott eee 
“OT OTS Lseeneyee LLIN) ae matte) etl) bar Ve mcoeedind 
CO) Re Reber tee ERELY SOTTO met jem oF neta be 
ame SE OPHRIS Gd Gar 8 TY aoTH Wier be veers th risen deneny 
COPEL IETS Sed ee TIey Gee SF fans Khnte whee OP uk) ki cides 4 





ce 


an excess of ten to twalve times more tnen is theoretically 
reguiree to produce nitrocellulose with a nitrogen content of 11.0 
to 11.5 per cent. 

Lunge and Rebiel& , using @ ratio of mixed acid te cellulose of 
twelve to one, found that by raising tie ratio of sulfuric acid to 
nitrio acid from one to one to a ratio of three to one, the nitregen 
content is increased 0.5 per cent. Under similar cenditions, but 
using a mixed acid to cellulese ratio of thirty te one, the rise in 
nitrogen content ie 0.03 per cent. This repreeents ao difference of 
0.33 per cent increase in nitrogen centent caused by the larger 


ratio of mixed acid to cellulose. 
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THE IRPLUBNCE OF TRMPERATUAE, Tihs, ABD AGITATION 

The Effect of Temperature and Reaction Time Upen the Degree of 
Substitution 

The temperature at which the reaction is effected influences 
both the reaction rate and the degree of substitution. As in the 
cease of mest chemical reactions, a rise in temperature tends to in- 
creases the reaction rate end the extent of nitration, up to a 
certain point. Lunge and coworker et® have investigated the rela- 
tionship between the temperature, the duration ef the reaction, and 
the degree of substitution. Their results are: 


Effeet of Temperature and Reactiog Tine 
on the Hitration of Cellulese4® 





Kitrogen in Yield Yield (Cal. 
Temperature, Time, Nitrocellulose, (Actual), culated), 

&¢ Hour Cent Per Cent Per (¢ 

© 0.5 10.71 162.3 183 

0 7 13.19 173.3 174 
10 7 13.57 176.8 4176 
15 7 13.38 1765.6 17é 

19 0.6 12.72 166.1 176 
19 7 13.39 175.6 176 
40 0.6 13.07 172.5 173 
40 7 13.06 168 ,6 178 

éC 0.6 13.08 169.2 17% 

60 4.5 13.07 162.1 173 
8c 0.25 13.07 161.2 173 
&0 0.& 13.12 128.2 173 

80 $ 18.12 61.5 173 


The nitrations were effected with ea three-to-one mixture of 
sulfuric acid and nitric scid. The yields were based on the weight 
of cellulose emleyed; that is, the percentage yield is the weight 
of nitrocellulose obtained from one hundred parts cf cellulese. 


The velocity of the reaction increeses rapidly with a rise in 
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temperature. At O°C~., maximum nitration is net reached at the end 
of seven hours, while at 40°C,, the nitrogen content reaches its 
highest value at the end of one-half hour and, et 80°C., it is 
nearly at a maximum valve et the end of fifteen minutes. The 
nitrogen content of the preduct drops a little when the temperature 
of the reaction is raised from 19°C, to 40°C., but it remaine about 
the same as the nitration temperature is further increased. 

The use of reaction temperatures higher than 40°C., while 
having a fevorable effect upen the velocity of the zaitration, 
results in a smaller yield of nitrocellulose, At high temperatures, 
the acid mixture net only esterifies but also exorte oxidising and 
hydrolyzing effecte upon cellulose. These side reactions, in 
addition te lowering the vield of nitrocellulose, give rise to un- 


16 elso observed 


desiradle degradation products, Lunge and Bebie 
thet nitraticn et a higher temporeture causes a change in the 
structure of cellulose. As the temperature of nitration is in- 
creased, the fibers become shorter and more fragile and, at 60° to 
@0°C., a finely fibrous powder is obtained, 

Lunge and Bebie?® pointed cut that if the proportion of sul- 
furic acid to nitrie acid ia greater than three to one, the drop 
in yield on raising the reaction temperature is even wore strongly 
promeunced. ith a ratio of eleven to one, ean increase of a few 
degrees in the reaction temperature has the same effeot ac a 
twenty-or thirty-degree increment with en acid in the preportion 
of three to one. 


For each reaction temperature there is e correspending optimun 
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time of reaction. At ordinary temeratures, the margin is rather 
wide, but at higher temperatures, the nitrogen content rises at 
first and, uson longer action, decreases egain. Thus, at a temera- 
ture of 32°C., using sn acid mixture containing three parts sul- 


1g 


furie acid to one part nitric acid, Lunge and Beble"” measured 


bae following nitrogen oontents after the time intervals indiceted: 


Bitrogen Content 
Time of Reaction, of Ritrooellulose, 


Per Cent 


5 13.27 
15 13.44 
30 15.47 
60 15.60 

120 13,40 


In this case, the optimum time of reection is one hour. 


The Hate of Bitration of Kaemie 

The rete of sudstitution for bleached and unbleached ramie was 
determined by Sekureda!®, He verformed the nitrations with an acid 
sizture of one wolume of nitric acid (density 1.52) te tro volumes 
of sulfuric acid (density 1.84) at a tempereture of o*¢. 


Rate of Hitration cof Bleached and Unbleached Remie riber?® 





Blesched Rami Unbleached Ramie 

Bitrate Croups Kitrate Groups 
Time, Ritrogen Per Unit Time, Nitregen Per Uni 
Per Cent Ras} 0/6 
al = ” 25 1 053 0 © 20 
45 3.18 0.42 46 2.1) 0.27 
80 3.81 6.52 $0 2.7] 0.356 
$09 5.63 0.78 500 4.65 O.62 
600 767 4016 59S & 86 0.62 
1,850 11.07 2.00 1, 800 9.08 1.4? 
E00 12.GE 246 3,806 11.82 2220 
16,000 13.868 £89 18,000 13.80 2.87 





ehey 8! ee oer Hetero wed re od ee ee 
‘ S094) (oMteme crvenes ane 7 O98 tot! ee +s em .ohhe 
ete ee ee “AEPTEGS Jeetiee tered aoe pace poet 
lee Si cam weryt: siatine OTR Mer Om Katee ,. 0s + ome 
oe ome Ol wed “— 1m) yhipe efwde rae: te | hae werk 
(RLM? £1 erry) 7 TT Sele imate erie examtin® ane 


t0es oe> 
| oS Malmo al! ; 
——— | 





=> => => 


yeas : 

eae ” 
Oikeh o 
an, k! ” 


“HOt One i nasteap, 15 Rt Cie Om teem rie ae 


The ty ohireeNe te net pee 
Corotnes Wainer (Ae Lie Aimer ld we muss ineery Fi aiey dat 
Ste Bt Ae emiierdeh lt mee h ies «i Neremsee oy Sentrvadel 
emmnlen et Gt WKS Ahem, wtee cine 1 eke on bo vemsahe 
COO We axerem~s a te bh Crises Lind aiwthes Ge 
MN Eiesideh mm ewmeels Gr tEIN & eset 


- a 
° ‘ ‘hua 
» & 
‘ 5 
- —_> ©& 






. 


- 
‘ © 7 
ey 
, - - 
» a 
" 
e f 
. - ' 


. « —os © 











26 


The initial rate of substitution of nitrate groups in the 
cellulose moleoule was rather rapid. ith blesehed ramwie, the 
nitrogen content at the end cf ferty-five seconds was 3.18 per cent; 
after ten minutes, it rose to 7.67 per cent. As the reaction con- 
tinued, however, the rate of substitution dropped; the maximun 


degree of substitution wae not reached until after five houra, 


The Rate of Litration of Cotton Linters end Wood Pulp 

Sehiermann and Kihne?® investigated rates of nitration of ecotten 
linters anc wood pulp. For cotten linters a mixed acid composition 
of 42.58 per cent nitric acid, 53.72 per cent eulfurie acid, and 
3.72 per cent water waa used; for the wood pulp, the eomposition 
of the mixed acid was 43.56 rer cent nitric acid, 53.41 per cont 
sulfuric acid, and 3.21 per cent water. A coliulose te mixed acid 
retio of one to sighty wes used and the temereture of reaction in 
the case of cotton linters wae 17°C, and for wood pulp 16°C. 

Rate of Hitratien of Cotton Linters and Wood Pulplé 


Ritrogen Content, Fer Cent 


Tine of Bitration Cotten Linters Weed Pulp 
1.0 minutes 12.2) ~ 
$8 P 15.24 12.47 

10.5 . 13.49 13.39 
18.0 4 ~ 13.39 
15.5 , 13.68 13.62 
20.0 . . 13.68 
32.0 . 13.62 * 
1.0 hours 13.61 13.61 
2.0 - 13.58 18.62 
5.0 . 13.62 é 
4.0 " 13.59 13.6} 
60 13,61 _ 
6.0 . . 13.62 


ith eotton linters, substitution to 12.21 per eent nitrogen 
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was reached after only one minute. Aimost the maximum degrees of 
nitration was attained after five and ons-half minutes in the case 
of the cotton linters and after ten and one-half minutes in the 
@ase Of the wooed puip. 

Although the results of Shiemann and Kuhne are not quite 
comparable te those obtained by Sakurace with ramie, the more repid 
rate of nitration of the cotton linters end wood pulp was probably 


eue primarily te the higher temperature emloyed. 


The Effect of Agitation 

Agitation tends to increase the rate and uniformity of nitre- 
tion. Agitetion bas the effect of rendering ail ef the eurface of 
the ectllulose accessible to the acid mixture so that penetration 
and resetion ¢an sreeeed quiokly and uniformly. J. 0. Gmail end 
C. A. iggine° state that, under identical eoncitione, there is 
2 difference of nearly 0.2 per cent in nitrogen content between 
materia] that is thoroughly esitated during ritretion end material 


that receives no egitetion, 
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TEE SAAIBEUM EBGREE OF NITKATION GF CSLLULGZOE ATTAINED 


Factors Limiting the Degree of Nitration with Wixed Acid 

Nitrocellulose containing 14.14 per cent nitrogen, corres- 
ponding to cellulose trinitrate, has never been prepared by 
mitreting cellulose with e mixture of sulfuric eold and nitric acid, 
The nearest approach to thie thecretice] maximum velue was reported 
by C. &. Sake and &. pe112°, whe prepared alitroceliviose containing 
18.96 per cent nitrogen with « pixed-acié ratio of three parts sul- 
furic ecid te one part nitric ecid. 

The failure to attain the theoretical degree cf eubstitution 
corresponding te the trinitrate has deen attributed to tre revere 
eibility ef the nitration reaction and te the terdency of sulfuric 
ecid to enter into the resetion to form esters in competition with 
the nitrie ecié. The existerce ef equilitris hae been demonstrated 
by Berl] and corerkers®» 16 ¥ho showed thet equilibrium can be 
approached frewm either direction end that the nitreren content of 
nitrocellulose is determined by the finel ecid composition in cone 
tact with the nitroeellulose. 

kmey investigetcre have observed thst some of the sulfurie 
ecid in the nitreting mixture participates in the ercterifieaticn, 
with the resulting fermetion cf a mixture cf wulfuric exné nitrie 
esters’, 10,26, RK, Robert son”® sugrested “nat the fermation of sul- 
feric acid esters oocurs first and thet, subsecuenti;, the replace- 
ment of the suiphate radicals by nitrate groups takes place. 

Another explanation for the fallure to reach com lete nitration 


with mixed acid has been proposed by Rk. C. Farmer”, He suggested 
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that the esterification with nitric acid cocurse mest reecily through 
ite “pseudo” form, Oy Oli, and expleined that, in the mixed acid 
concentration required for the maximum nitration of cellulose, the 
ritreting action is hindereé by the formation of nitronium sulfate, 
(80) 7 (50,8)., end thet this partial removel of the pseude nitrie 


aeid prevents the formation of cellulese trinitrate. 


Mexigum Degrees of Pitration Attained by Various Iinvestigaters 

Gumerous other nitreting agents heve been used for the nitra- 
tien of eollulcce, but none have aeproeached the commercial imper- 
tance of the sulfuric acid, nitrie acid, and weter mixture. 
Collulese trinitrate, containing 14.14 per cent nitrogen, has veen 
prepared by the ure of a mixture of nitrie ecid, acetic acid, and 
exotic anhydride’, The nignest nitrogen contents obtained by 
varioue invastigatore and the compesitions ef the nitrating agents 
emoleved sre: 


Heximum Degree of Nitration of Cellujgae 
Atteined by Various Investigators~" 


Par Cent 
Compesition of Temp eca- Time, ht es 
Investiestor bitrating dgent fare ©. Hours Cote 





JM, fader 3 vol, AO 4 is e . 
FP .Vielle HNO, (4 a 1l ~ 15.4 
L.Vignon 7 (4 paren 
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Nitrocellulose of various degrees of sudstituticn can be 
prepared Ly the esterification of cellulose with a mixture of sul- 
furiec acid, nitric acic, anc water. There is evidence that the 
reaction approaches equilibrium over a wide range of subetitution. 
The compesition of the product and the reaction rate depend upen 
the conditiens of the nitration, which include, the composition of 
the mixed acid, the ratio of mixed acid to cellulose, the texmpera- 
ture of the reaction, the curaticn of the reaction, and the egita- 
Sion employed. 

The effect of the oropertion of water in the nitration ecid is 
very sronounced. diIneufficient rater results in ineomplete nitra- 
tion of the celivicse. Un the other hend, if the water ecentent 
exceeds about 13.65 per cent, the degree cf substitution drops 
rapidly. The orimary funetion of sulfuric acid in the nitration 
mixture is that of dehydration, ‘Sinee it nee 6 greater affinity 
for water then nitric ecid, it forms hydrates, leaving tie nitric 
acid free te react with the cellulose. & ratio cf sulfuric acid 
te nitric acid between one-fourth to one and three to one produces 
the highest degree of substitution. fhe thecretical optimum meler 
ratio of nitrie acid, sulfurie acid, and water in spent acid in 
eontact with the reeulting nitreeeiluloge ig LHKO, 29504 :2h50. 

& high ratio of mixed acid to cellulose is conducive to a high 
degree of substitution. The influence of a large excese of nitrating 
acid is twofold; it serves to minimize the diluent effect of water 


produced hy the reaction and it promotes more rapid and more uniform 
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penetration of the cellulese by the seid. 

The temperature, time of reaction, and agitation employed are 
sewewhat interdependent. Agitation and a rise in temperature in- 
orease the velocity of reaction and the degree cf substitution up 
to a certain point. Above 40°C., although the reaction rate 
continues to rise, the extent cf nitration does not increese ag the 
temperature ig further inerenased, and the yield becomen leer. In 
ecdition, high temperatures promote the oxicaticn and hydrolysis of 
tne cellulose ty the ecic, thereby lowering the vield and giving 
rise to undesirabie degradation products. 

Nitrocellulose containing tne theoretical maximum nitrogen 
content has never been prepered with a mixture of nitrie acid and 
sulfuric acid. The revereibility of the reaction and the esterifi- 
cation action of the eulfuvrie reid aceount for the failure te 


ettain the trinitrate. 
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